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The capacity of endothelial cells (EC) to produce IL-15 and the capacty of IL- 5 to 
influence transendothelial migration ofT cells was examined. Human umbthcal vern 
endofhelialcellsexpres S edbothIL-15rnRNAandprotein.Moreover 

endothelial-derived FL-15 enhanced transendothelial migration of T ceHs as evrdcnced 
h„tl„mhihitionofthisprocessbyblockingmonoclonalantibodiestoIL-15.li--o 

mtto SlHCDl la/Cofs) and also increased T cell motility. In addition, FL-15 mduced express™ 
7t ^e^tivSonmolecule CD69. The importance of IL-15 in regulating migraUon of T cells m 
T^EZZ I «s capacity to enhance accumulation of adoptively transferred human T ceUs m 
TeumaToid arthritis synovial tissue engrafted into immune deficient SCID rmce These results 
e—e that EC pluce <L-,5 and imply that endothelial IL* > plays acntit* £*> » —on of 
T cells to extravasateinto inflammatory tissue. (J. Clin. Invest. 1998. 101.1261-1272.) 

Keywords: cytokine; motility; adhesion; LFA-1; CD69 
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The vascular endothelium plays an essential role in a number of physiology processes 
involved in the maintenance of hemostasis, inflammatory responses, and immune 
fimction (1). Among the functions of the endothelium during immune and 
inflammatory responses is the facility 

lymphocytes into perivascular tissues. This process involves specific i^-mccha^ 
biding of distinct T cell subsets to endothelial cell (EC) surfaces followed by active 
omaing 01 uu>wu,i Although all of the events involved 

receptor-dependent transmigration of some of the bound T cells (2). Aitnougn 
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in transendothelial migration have not been delineated completely, the process is known to involve the 
activity of cell surface adhesion receptors, including the receptor pair leukocyte function-associated 
antigen (LFA)-1 (CDlla/CD18) and intercellular adhesion molecule (ICAM)-1(CD54), that mediate 
progressive adhesions formed between EC and migrating T cells (3). 

Soluble mediators also have been demonstrated to play important roles in T cell extravasation into 
tissue. Certain cytokines produced in perivascular tissue, such as TNF-a and IL-1P, facilitate the 
transendothelial migration of T cells by stimulating endothelial adhesion receptor expression, resulting 
in increased T cell binding (4, 5). Chemokines, such as macrophage inflammatory protein (MlP)-la, 
MIP-1P, IL-8, and monocyte chemotactic protein-1 may serve a chemotactic role, and increase T cell 
migration directly, possibly by stimulating the activity of integrin adhesion receptors to strengthen T cell 
binding to EC and/or to mediate migration (6^9). Most chemotactic factors have been shown to be 
produced by cells in perivascular tissues and are thought to exert their activities by establishing 
chemotactic gradients from tissue to the EC surface and thereby attracting migrating cells. Others, 
including IL-8 and monocyte chemotactic protein-1, are also known to be produced by EC and may, 
therefore, directly influence T cell-EC interactions (10, IT). These latter findings imply that part of the 
endothelial mechanism to regulate T cell extravasation into tissue may involve the elaboration of factors 
that directly stimulate T cell migration. 

IL-1 5 is a recently identified cytokine that may be important in T cell migration (12Jl4). IL-15 
stimulates T cells to assume a polarized morphology and increases T cell and natural killer (NK) cell 
migration C 15-18) . Other studies have shown that IL-15 shares many biologic activities with IL-2, 
including the ability to costimulate T cell and NK cell proliferation (13, 14, 19). This may reflect the 
nature of the IL-15 receptor that consists of a P chain shared with the IL-2 receptor, the common i chain 
shared with many cytokine receptors, and a specific IL-15 receptor « chain (20, 21). The functional role 
of other recently reported species of IL-15 receptors has not been clearly delineated (22). 

Unlike IL-2, which is produced exclusively by T cells and NK cells, IL-1 5 mRNA was found to be 
produced by epithelial cells, monocytes, fibroblasts, dendritic cells, and activated T cell lines (12, 14, 
23). In addition, IL-15 was found to be produced in the heart, although extensive evaluation of the cell 
populations involved has not been carried out. In view of this and the reported capacities of IL-15 to 
stimulate T cell migration and activation, we examined EC for the production of IL-15, and we 
attempted to determine the impact it may have on the transendothelial migration of T cells. These studies 
identify an important regulatory role of IL-15 in T cell extravasation. Results show that EC produce 
IL-15 mRNA and protein, and that endothelial IL-15 has paracrine and autocrine activities, by 
facilitating the transendothelial migration of T cells and modulating endothelial receptor expression, 
respectively. Moreover, IL-15 markedly increases T cell accumulation in rheumatoid synovial tissue 
engrafted into severe combined immune deficient (SCID) mice in vivo. These results identify IL-15 
derived from EC and perhaps other cells as a central regulator of the transendothelial migration of T 
cells. 
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Cell cultures. 

EC were isolated from individual human umbilical cord veins by collagenase digestion 
and cultured to third through fifth passages as described previously (4). T cells were 
isolated from normal human peripheral blood by density gradient centnfugation, 
adherent cell depletion, and passage over a nylon wool column, as described previously 

(4) To examine the impact of endothelial IL-15 on the transendothelial migration of T cells, T cells were 
assayed immediately after their purification, since freshly isolated T cells have been shown tc .adhere 
poorly to EC because of their expression of functionally inactive integrin adhesion receptors (4) In other 
experiments, the impact of exogenously added IL-15 on transendothelial ™^ F " 
these studies, purified T cells were preincubated for 12-18 h at 37°C in RPMI 1640 
conditions which were shown previously to be sufficient to stimulate the activation of LF A- 1 (4 ) Thus, 
whether IL-15 increased the migration of T cells beyond an effect resulting from adhesion receptor 
activation could be determined. 

Nitrocellulose (NC) filter assay of the effect of IL-15 on transendothelial migration of T cells. 

To determine the effect of IL-15 on the transendothelial migration of T cells, a previously described 
assayto quantify transendothelial migration was used K C7.5 x 1^ w« «dtecd to 

confluence on the surfaces of NC filters (5-um pore) obtained from Milli pore Corp. (Bedford, MA), in 
medium (0.5 ml) that contained RPMI plus 10% HS, 24 ug/ml ECGS, and 50 ^-«c > acid 
Subsequently, the EC were allowed to condition fresh medium (0.4 ml RPMI plus 1 0% HS, 4 h at 37 C), 
after which time 50 ul of either a mouse anti-human IL- 1 5 mAb obtained from Genzyme (Cambndge, 
MA) a polyclonal goat anti-human IL-15 Ab, kindly provided by Dr. Mary Kennedy (Immunex Corp., 
Seattle WA) or control mAb obtained from Si^ma Chemical Co. (St. Louis, MO) was added to the 
wells (20 ug/ml final concentration). After an additional incubation period (30 min at 37°C) to allow the 
Ab to bind IL-15, freshly isolated T cells (2 * 10 6 /well) were incubated in the wells for 4 h at 37 C. 
Subsequently, the filters were recovered and the extent of T cell migration was quantitated, as previous^ 
described (4 24). Other experiments examined the impact of IL-15 on the transendothelial migration of 
T cells For~th7se studies, T cells (2.0 x 10 6 /well) that had been incubated at 37°C for 18 h to activate 
adhesion receptors were resuspended in RPMI that contained 0.6% BSA (RPMI/ BSA) in the absence or 
presence of the indicated concetf^^^^ . 
commercially obtained from R&D Systems, Minneapolis, MN). Subsequently, the T cells were incubated 
with EC for 4 h at 37°C. In some experiments, the effect of IL-15 on the migration of T cells through 
endothelium was compared with migration into plain NC filters that did not have an overlying EC 
monolayer, as previously described (4). The specificity of exogenous IL-15 on transendothelial migration 
also was examined by the addition of anti-IL-15 mAb (10 ug/ml; R&D Systems), or an isotype-matched 
control mAb (MOPC) obtained from Si « Chemical Co., to the T cells in the absence or presence of 
IL-15 immediately before the cells were added to the wells. Finally, the utilization of the adhesion 
receptors LFA-1 and ICAM-1 during transendothelial migration in the absence and presence of rIL-15 
was determined by adding blocking anti-LFA-1 (CD1 la; TS1/22) obtained from American Type Culture 
Collection (Rockville, MD), blocking anti-ICAM-1 (CD54; R6.5) kindly provided by Dr. Robert 
Rothlein (Boeivringer Ingelheim, Ridgefield, CT), or isotype-matched control mAb obtained from Sigma 
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Chemical C o, All mAb were used at a final concentration of 20 ug/ml. 
Adhesion assay of T cell binding to ICAM-1 -coated substrates. 

The wells of 8-well chamber slides (Nunc Inc., Naperville, IL) were incubated (60 min, 22°C) with 
purified soluble ICAM-1 (5 ug/well in 0.3 ml DPBS; kindly provided by Dr. Robert Rothlein), according 
to described procedures (25), or with BSA (2% in PBS). Subsequently, the wells were nnsed several 
times with RPMI/BSA, and then freshly isolated T cells (1.5 x 10*), in the absence or presence of r^- 15 
(50 ng/ml) or phorbol dibutyrate (PDB; 50 ng/ml) obtained from SigmaCh^calCo,, were added to the 
wells Similar results were obtained when nonspecific binding sites on the substrates were eliminated by 
incubation with BSA (2%) or by rinsing in the RPMI/BSA solution. The specificity of the tending 
interaction was determined by blocking with anti-LFA-1, anti-ICAM-1, or isotype-matched control 
mAb. All mAbs were used at a final concentration of 20 ug/ml. After an incubation penod of 30 mm at 
37°C each well was washed twice with RPMI/BSA, fixed with formalin, permeabihzed with 80 A 
methanol, stained with hematoxylin, and the number of cells in each well was determined as previously 
described (4, 24) with a particle counter (Artek model 982; Dynatech Laboratories, Chantilly, VA). 
Photomicrographs of bound T cells were obtained using a light microscope (BHTU; Olympus, Lake 
Success, NY) equipped with a PM-10AD 35-mm photomicrographic system. 

Transwell assay of the effect ofIL-15 on transendothelial migration. 

The ability of IL-15 to attract T cells across EC monolayers was examined using a previously described 
assay (5) In brief, in the wells of tissue culture-treated transwells (24.5 mm, 3-um pore) obtained from 
Costar Corp. (Cambridge, MA), EC (3 * 10 6 ) were cultured to confluence on hydrated type , I , collagen 
eels (1 5 ml 50% vol/vol) obtained from Vitrogen 100R (Celtrix, Palo Alto, CA). RPMI/BSA was added 
to the upper'compartment of the transwells, and IL-15 (50 ng/ml) was added to the lower compartment. 
Subsequently, the IL-15 was allowed to diffuse into the collagen gels (30 min at 37°C), after which T 
cells were incubated in the transwells for 4 h at 37°C. At the end of the incubation penod, nonadherent T 
cells and those that had migrated into the collagen gels were harvested as described previously (5). 

Analysis of T cell or EC phenotype by flow cytometry. 

T cells in the initial and recovered populations were examined by flow cytometry as previously 
described (5), after staining with FITC and/or phycoerythrin (PE) labeled mAb for the expression of 
several surface receptors, including CD45RA (2H4, FITC), CD69 (Leu-23, PE), both purchased from 
Becton Dickinson (Mountain View, CA) or CD4 (Q4120, FITC), CDS (UCHT-4, PE) CD45RO 
(UCHL-1 FITC) all purchased from Si oma Chemical Co. FITC or PE directly labeled isotype-matched 
irrelevant mouse mAbs were used as negative controls to verify the staining specificity of the 
experimental mAb. For direct staining, T cells were incubated with saturating concentrations of the 
indicated mAb for 30 min at 4°C, washed three times with PBS containing 2% human serum and 0.1 /o 
sodium azide (PBS/HS), fixed with 1% p-formaldehyde for 20 min, and washed again, as described 
previously (5). 

EC that had been cultured for 4 or 24 h in endothelial growth medium in the absence or presence of 
IL-15 (50 ng/ml) were harvested by chelation with EGTA (0.5 mM), enumerated, and then examined by 
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indirect staining, as previously described (5), with mAb against CD26, CD29 CD44 (IOA26 IOT29 
and IOL44, respectively) all purchased from Immunotech (Westbrook, ME), CD3 anc 1 CD6 MCB78.2 
and CRC54, respectively), purchased from Caltag Laboratories (San Francisco, CA), ICAM-1 (LD54, 
R65) CD62E andCD106(1.2B6andlGll,respectively),kindlyprovidedbyDr.DonanHaskard 
(RPMS Hammersmith Hospital, London, United Kingdom), CD62P (S12), kindly provided from Dr. 
Rod McEver (The University of Oklahoma Health Science Center, Oklahoma City, OK), or 
isotype-matched controls. For indirect staining, EC were incubated with control mAb or with saturating 
concentrations of the indicated mAb for 30 min at 4°C, and then washed three times with PBS/HS as 
described (5). Subsequently, the cells were counterstained with FITC-conjugated goat anti-mouse Ig 
obtained from Cappel Research Products (Durham, NC). 

Intracellular levels of cadherin and Bcl-2 were detected in EC after fixation with l%/>-formaldehyde 
(15 min 22°C) and permeabilization with ice-cold methanol (70%, 60 min, 4°C, in the dark). 
Subsequently, the cells were washed with PBS and indirect staining was carried out to measure cadherin 
using rabbit anti-pan-cadherin polyclonal Ab obtained from Si gma Chemical Co. , or as a control, rabbit 
gamma globulins obtained from Miles Diagnostic (Kankakee, IL). Subsequently, the cells were 
counterstained with FITC-conjugated goat anti-rabbit Ig obtained from Life Technologies (Grand Island, 
NY) Direct staining was carried out to measure Bcl-2 levels in permeabilized EC as descnbed above, 
using a FITC conjugated anti- human Bcl-2 mAb (clone 124) obtained from Dako Corp. (Carpmtena, 
CA) Analysis of T cell or EC surface marker expression was performed by flow cytometry using a 
Becton Dickinson FACScan®. Lymphocytes and EC were specifically analyzed by selective gating based 
on the parameters of forward and side scatter. The percentage of cells with green (FITC) and red (PE) 
fluorescence and the density of expression of specific determinants as estimated by the mean 
fluorescence intensity were calculated using the Becton Dickinson Lysis II program. 

Flow cytometry also was used for analysis of the expression of endogenous intracellular and 
extracellular IL-15. For measurements of intracellular IL-15, harvested EC were fixed with 1% 
n-formaldehyde (15 min, 22°C), washed with PBS, and then permeabilized with ice-cold methanol 
(70% 60 min, 4°C, in the dark). Subsequently, the cells were washed with PBS and indirect staining was 
carried out, as previously described, using anti-IL-15 mAb (0.5 ug/ml), obtained from Genzyme or 
isotype-matched control mAb (5). Specificity of anti- IL-15 mAb binding was demonstrated by adding 
rIL-15 (25 ng/ml) to the mAb before its addition to the cells. In certain assays, IL-15 expression by 
non-methanol-permeabilized cells also was examined by indirectly staining the cells with anti-IL-15 
mAb as described above. In addition, the binding of IL-15 to EC surfaces was studied by preincubating 
harvested EC with rIL-15 (25 ng/ml in 5% HS, PBS, 0.1% Na azide, 22°C, 30 min), and washing the 
cells before the addition of the anti-IL-15 mAb. In other experiments, EC were cultured in the presence 
of a combination of rTNF-a (200 U/ml) and rIFN-T (250 U/ml) (18 h, 37°C) before examination for the 
presence of intracellular and extracellular IL-15. 

Analysis of IL-15 mRNA in EC. 

RNA was isolated and purified from 3 * 10 6 EC and first-strand cDNA synthesized, as previously 
described (26). 3-ul aliquots of the cDNA were added to a reaction mixture containing MgCl 2 , all four 
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dNTPs obtained from Ri pma Chemical Co. , and specific primers for IL-15 (5' TTG TAT TGT AGG 
AGG CAT 3' and 5' AAG AGT TCA TCT GAT CCA AGG 3'), or as a control, 

ZrM^^ dehydrogenase (5« CTG GCG TAT TTT CAC CCC AC , and 5^ GGT TCA 
CCC ACT TGT AGG TG 3 1 ). The sequences of the primer pairs for IL-15 were selected using Gene 
Works software (release 2.3.1) obtained from Intelligences (Mountain View, CA). Subsequently a 
second reaction mix containing Tag polymerase was added, as described previously (2J>). The final 
concentration of reagents was 50 mM KC1, 10 mM Tris-Cl <pH 9.0), 0.1% Triton X-100, 1.5 mM 
MgCl 2 , 100 uM each dNTP, 50 pmol each primer, and 2 U Tag polymerase obtained from Promega 
Cora (Madison, WI). Amplification was carried out with a cycle program of 30 cycles each for 5 min at 
'WC 1 min at 94°C, 30 s at 56°C, and 1 min at 72°C. Aliquots of the PCR products were analyzed on a 
1 5%'agarose gel and visualized by ethidium bromide staining. Subsequently, the PCR products were 
analyzed by Southern hybridization, as previously described, using a ^-labeled probe (5 1 CGG AGA 
TGC AAG TAT TCA T 3') selected with Gene Works software (5). 

Immunohistochemistry. 

Synovial membranes of patients with rheumatoid arthritis were obtained from the knee or wrist at joint 
replacement surgery or synovectomy, frozen in liquid nitrogen, and 6-um frozen sections were prepared 
and acetone fixed as described previously (26). Subsequently, the tissue sections were analyzed for the 
presence of IL-15. All procedures were carried out at 22°C, and each washing step was for 5 min in PBS. 
With the exception of the primary mAb, all reagents were purchased from BioGenex (San Ramon, CA). 
Tissue sections were incubated (60 min) first with normal goat serum, and afterward (90 min) with 
anti-IL-15 mAb or isotype-matched control mAb (20 ug/ml), and then washed. The tissue was then 
treated (30 min) with hydrogen peroxide blocking solution, washed, incubated (15 min) with avidin 
blocking solution, washed, incubated (15 min) with biotin blocking solution, washed, and then incubated 
(20 min) with biotinylated goat anti-mouse Ig. The sections were then washed, incubated (20 mm) with 
streptavidin-conjugated horseradish peroxidase, and washed two times (1 5 min each). Staining was 
visualized by incubation (7 min) with 3-amino-9-ethyl carbazole. Finally, the tissue sections were 
washed and counterstained with hematoxylin obtained from Sigma Chemical Co. Photomicrographs 
were obtained using an Olympus BHTU light microscope equipped with an Olympus PM-10AD 35-mm 
photomicrographic system. 

SCID mouse/human rheumatoid arthritis model of T cell trafficking. 

Under ketamine/acepromazine anesthesia, small pieces (~ 2-3 mm 3 ) of rheumatoid synovium were 
surgically implanted subcutaneously into the dorsum of 4-6-wk-old CB17 SCID mice. After a 3-wk 
engraftment period, rIL-15 (1 ug in 0.1 ml RPMI), or in separate animals RPMI alone (0.1 ml), was 
injected subcutaneously into the graft. 16 h later, the injections were repeated and T cells purified by 
passage over a nylon wool column (10 7 in 0.1 ml RPMI) were injected into the tail vein. Before 
injection T cells were prelabeled with the fluorescent dye 5-(and-6-)-carboxyfluorescein diacetate 
succinimidyl ester (CFSE) obtained from Molecular Probes, Inc. (Eugene, OR). After a 16-h trafficking 
period the grafts were harvested, frozen in liquid nitrogen, and 10-um cryostat sections were prepared. 
Subsequently, the frozen sections were air dried, fixed in ice-cold methanol, and then examined with an 
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Axiophot inverted fluorescent microscope f Carl Zeiss . Thornwood, NY) interfaced with BDS imaging 
software obtained from Oncor (Gaithersburg, MD). The number of fluorescent cells in multiple sections 
was counted microscopically. Selected photographic images were exported to the Adobe Photoshop 
4.0 software program where they were sized, mounted, and then printed. 
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IL-15 is produced by EC. 

The initial experiments were carried out to determine whether IL-15 was a product of 
EC. As shown in Fig. 1, staining of permeabilized EC with a mAb against IL-15 and 
subsequent examination by flow cytometry demonstrated the presence of intracellular 
IL-15 in EC. This was observed regardless of the activation state of the EC (Fig. 1). 
Addition of rIL-15 to anti-IL-15 mAb inhibited detection of intracellular IL-15, demonstrating the 
specificity of the mAb staining. Subsequent analysis by PCR detected IL-15 mRNA in EC, confirming 
its production by this cell type (Fig. 2). hi addition, IL-15 mRNA appeared to be increased when EC had 
been treated with IFN-Y (Fig. 2). 
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Endothelial derived IL-15 stimulates the transendothelial migration of T cells. 

As shown by the data of Fig. 3, addition of either monoclonal or polyclonal anti-IL-15 Ab to the 
incubations of EC with freshly isolated T cells inhibited transendothelial migration by 44. 1 and 4 1 . 1 %, 
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respectively, indicating that endogenous IL-1 5 was playing a role in transendothelial migration. The 
subsequent experiments were carried out to examine the mechanisms by which IL-1 5 increased 
transendothelial migration of T cells. 

! Fig. 3. Endothelial IL-15 facilitates the transendothelial migration 
of T cells. Freshly isolated T cells were incubated with EC 
monolayers in the presence of goat anti-IL-15 polyclonal Ab (expt. 
1), mouse anti-IL-15 mAb (expt. 2), or isotype-matched control Ab, 
after which time the number of migrating T cells was determined. 
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IL-15 stimulates T cell binding to ICAM-1 -coated substrates. 

The first experiments examined the impact of IL-15 on integrin adhesion molecule activity of freshly 
prepared T cells. Fig. 4 shows light micrographs of fresh T cell binding to ICAM-1 and BSA substrates. 
As can be seen, these T cells, which have inactive LFA-1 (4), bind poorly to ICAM-1 . IL-15 not only 
increased T cell binding to ICAM-1, but it induced some of the cells to spread as well. PDB similarly 
stimulated T cell binding to and spreading on immobilized ICAM-1 (Fig. 4). In contrast, freshly prepared 
T cells bound poorly to BSA, a control substrate, regardless of stimulation with IL-15 or PDB (Fig. 4). 
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Fig. 5 presents data from experiments designed to quantitate binding of T cells to ICAM-1 and to 
identify the receptors used by IL-1 5-activated T cells to bind to ICAM-1 . As previously shown (4), 
freshly isolated T cells bind poorly to ICAM-1, and those that bind do so largely in an LFA-1- and 
ICAM-1- independent fashion (Fig. 5). In contrast, IL-15 increased T cell binding to ICAM-1 by more 
than fourfold (463.5±109.8% mean±SEM of binding by control T cells in the presence of control mAb, n 
= 3), and the stimulated binding was inhibited by mAb against both LFA-1 * chain and ICAM-1 
(48.2±17.7 and 28.5±3.4%, respectively, meaniSEM of binding in the presence of isotype-matched 
control mAb, n = 3). For comparison, PDB, which has been shown to stimulate T cell utilization of 
LFA-1 (27), increased T cell binding to ICAM-1 to 562.7±131.8% of binding by control T cells (Fig. 5), 
and stimulated binding also was inhibited by mAb against both LFA-1 a chain and ICAM-1 (56.8±16.1 
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and 47.8±12.8%, respectively, mean±SEM of binding in the presence of isotype-matched control mAb, n 
= 3). 
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Fig. 5. IL-1 5-stimulated T cell binding to ICAM-l-coated 
substrates is mediated by LFA-1 and ICAM-1 . Freshly isolated T 
cells were incubated with sICAM-1 -coated substrates in the 
absence (nil) or presence of rIL-15 (IL-15; 50 ng/ml) or PDB (PDB; 
50 ng/ml) plus mAb against LFA-1, ICAM-1 (shaded bars), or 
isotype-matched control (open bars), after which time the number 
of bound T cells was determined. 



. .:<, • . ! ' 



IL-15 increases CD69 expression by T cells. 

The next set of experiments addressed whether adhesion receptor activation was specifically stimulated 
or whether other T cell activation markers were also induced by IL-15. As shown in Fig. 6, the 
percentage of T cells expressing CD69 was modestly increased by stimulation with IL-15. Increased 
percentages of both CD4(+) CD69( + ) and CD4(-) CD69( + ) T cells were detected after IL-15 stimulation 
(Fig. 6). In contrast, IL-15 did not affect the percentage of CD45RO( + ) or CD45RA(+) T cells m the 
cultures (Fig. 6). 
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IL-15 increases the transendothelial migration of T cells. 

To determine whether IL-15 affected transendothelial migration by mechanisms in addition to adhesion 
receptor activation, experiments were carried out examining the effect of exogenous IL-15 on migration 
of preincubated T cells, which expressed activated adhesion receptors (4). When placed below the EC 
monolayer, IL-15 (50 ng/ml) increased transendothelial migration to 145±7.3% of control T cell 
migration (mean±SEM, n = 5) (Fig. 7). Neither raising the IL-15 concentration to 100 ng/ml nor 
lowering it to 25 ng/ml increased transendothelial migration further (data not shown). Other expenments 
demonstrated that IL-15 also stimulated transendothelial migration when it was added to T cells 
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immediately before their incubation with EC. Thus, as shown in Fig. 7, transendothehal migration was 
increased by rIL-1 5 (25 ng/ml) to 1 57.5±1 1 .3% of control T cell migration (mean±SEM, n - 3). Also 
shown in Fig 7 is that IL-15 stimulated T cell migration regardless of the presence of an EC monolayer 
as IL-15 increased migration into plain NC filters to 178.3*4.1% of control T cell migrate 
(mean±SEM n = 4). Increasing the IL-15 concentration to 100 ng/ml had a negligible additional effect 
on T cell migration. The specificity of the activity of IL-15 was demonstrated using anti-IL-15 mAb. 
Thus IL-15 increased T cell migration to 177% of control migration (2.4 x 10 4 and 4.4 * 10 cells 
migrating in the absence and presence of IL-15, respectively), whereas migration m the presence of 
IL-15 plus anti-IL-15 mAb approximated control values. Neither anti-IL-15 mAb by itself nor the 
isotype-matched control mAb affected migration of adhesion receptor competent T cells (data not 
shown). 

Fig. 7. rffi45 ; inc|cas^s;^e;^sendo|heJia^ 
X cells (2 *%0/ ) w^rl mcubate^i 
r&ry e d^coia|eIge&tiri 
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t i - — - t^vlme>ibii!& 
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The phenotype of T cells migrating in the absence or presence of IL-15 was analyzed by flow cytometry. 
As shown by the data in Fig. 8, 25 and 57% of T cells migrating in the absence and presence of IL-15, 
respectively, expressed the activation marker CD69. Also shown in Fig. 8 is that IL-15 stimulated a 
modest increase in the percentage of migrated T cells that were CD8( + ), and slightly decreased the 
percentage of migrated CD4( + ) T cells. Moreover, the percentage of CD8(+) CD69( + ) T cells appeared 
to be greater than the percentage of CD4(+) CD69(+) T cells in the migrating population. In contrast, 
when T cells migrated into collagen gels that did not have an overlying EC monolayer, IL-15 only 
minimally increased CD69 expression and did not influence the distribution of migrating CD4(+) and 
CD8(+) T cells (Fig. 9). 
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"i Fig. 8. IL-15 stimulates the expression of CD69 on both CD4(+) j 
i and CD8(+) T cells that migrate through EC. T cells were incubated 
! with EC monolayers that had been formed on collagen gels in 
; transwells in the absence {Control) or presence (IL-15) of riL-15 
I (50 ng/ml) in the lower chamber. Migrated T cells were harvested 
I after collagenase digestion of the collagen gel, directly stained with 
: I CD4-F1TC- and CD8-PE-labeled mAb, CD4-FITC- and 
j CD69-PE-labeled mAb, or isotype-matched control FITC and 
! PE-labeled mAb, and then analyzed by flow cytometry. Shown on 
I the left is the expression of these determinants by T cells in the 
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IL-1 5 stimulates the utilization of the adhesion receptor pair LFA-l/ICAM-1 for transendothelial 
migration. 

To confirm that IL-1 5 -activated T cells used ICAM-1 interactions for transendothelial migration, 
experiments with blocking mAb were carried out. As shown by the data in Fig. 10, control 
transendothelial migration involved LFA-1 -ICAM-1 interactions since it was inhibited by both 
anti-LFA-1 « chain and anti-ICAM-1 mAb (52.5±4.4 and 47.4±6.5% of control migration, respectively, 
mean±SEM, n = 3). IL-15 stimulated transendothelial migration almost twofold (194.0*17.0% of 
migration in the presence of control mAb, mean±SEM, n = 3), and the increase was inhibited by mAb 
against LFA-1 and ICAM-1 (mean± SEM of 59.9±7.3 and 49.1±9.7%, respectively, of migration in the 
presence of isotype matched control mAb, n = 3). 
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; Fig. 10. IL-15-stimulated transendothelial migration is mediated 

i by LFA-1 and ICAM-1 . T cells were incubated with EC 

i monolayers in the absence (nil) or presence (50 ng/ml; IL-15) of 

; rIL-15 plus mAb against LFA-1, ICAM-1 (shaded bars), or 

I isotype-matched control (open bars), after which time the number 
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IL-1 5 binds to EC and modulates the expression of some EC adhesion molecules, but not those involved 
in transendothelial migration. 

The next series of experiments focused on whether IL-15 altered the phenotype of the EC. After 
incubation with rIL-15, EC were found to have bound the cytokine, as detected with a specific anti-IL-15 
mAb. As shown in Fig. 11 (+IL-15), a subset of resting EC and all cytokine activated EC-bound rIL-15. 
The presence of membrane-associated IL-15 on resting EC in the absence of incubation with rIL-15 
could not be detected (Fig. 11, Nil). However, surface expression of membrane-associated IL-15 was 
detected on EC that had been activated by a combination of TNF-a and IFN-y (Fig. U, Nil). 
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Subsequent experiments determined the impact of IL-15 on EC adhesion molecule expression. Fig. 12 
shows that IL-15 did not affect endothelial expression of CD31 or ICAM-1. Similarly, in data not shown, 
no differences were detected in the expression of CD26, CD29, CD44, CD61, CD62E, CD62P, or 
CD106 on EC cultured with IL-15 (50 ng/ml) for 4 or 24 h in comparison to control cells cultured in its 
absence. In contrast, IL-15 increased endothelial expression of cadherin as assessed by intracellular 
staining with a polyclonal Ab to the cytoplasmic domain of cadherin molecules (Fig. 12). Finally, IL-15 
also appeared to downregulate Bcl-2 expression by EC (Fig. 12). 
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1 Fig. 12. IL-15 modulates endothelial expression of cadherin and 
j Bcl-2, but not CD31 or ICAM-1. EC were treated for 24 h at 37°C 
| in the absence {Control) or presence {IL-1 5) of IL-15, chelated from 
their culture surfaces, fixed with ^-formaldehyde, and then stained 
with anti-CD31 mAb, anti-ICAM-1 mAb, or isotype-matched 
I control mAb, and then analyzed by flow cytometry. For 
examination of the expression of cadherin or Bcl-2 by EC, cells 
were permeabilized with methanol before indirect staining was 
carried out. 



IL-15 is associated with EC in rheumatoid synovium. 



In the next series of experiments, the expression of IL-15 in vivo was examined. 6-um frozen sections of 
four different samples of rheumatoid synovium were examined for expression of IL-15. As shown by the 
light micrographs in Fig. 13, IL-15 was found in association with EC in many vessels as well as with 
other cells scattered in the tissue. As can be discerned, IL-15 is localized both within EC as well as on 
EC surfaces. In addition, IL-15 positive blood vessels tended to be in the vicinity of developing 
inflammatory infiltrates (Fig. 13, C-F). Similar findings were noted in each synovial sample. 
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IL-15 increases the trafficking of T cells into rheumatoid synovial tissue engrafted into SCID mice. 

In the final series of experiments the ability of IL-15 to stimulate T cell trafficking in vivo was 
examined When CFSE-labeled T cells were administered to SCID mice engrafted with rheumatoid 
synovium, a number of labeled cells appeared in transplanted inflammatory tissue. In contrast, few 
CFSE-labeled T cells accumulated in spleen, liver, or skin (data not shown). Of note, many of the 
labeled cells were found in association with blood vessels (Fig. 14 A). Fig. 14 B also shows results from 
experiments in which T cell trafficking was examined after administration of IL-15 into the graft. As can 
be seen, the number of labeled T cells in the graft was increased severalfold in comparison to the 
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accumulation that occurred in control SCID mice. Moreover, labeled cells were found diffusely 
distributed throughout the inflammatory tissue. No fluorescence was detected in rheumatoid synovium 
engrafted into SCID mice not challenged with CFSE-labeled T cells (data not shown). 
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Fig. 14. IL- 1 5 increases T cell trafficking into rheumatoid 
synovial tissue grafts. Rheumatoid synovial tissue grafts were 
harvested from control (A) or IL-15- treated (5) SCID mice 16 h 
after intravenous administration of CFSE- labeled T cells (10 7 ). 
Images of 10-um frozen sections of tissue were obtained using a 
Zeiss Axiophot inverted fluorescent phase microscope with BDS 



imaging software. x400. The number of CFSE-labeled T cells in 
two sections of grafts harvested from IL-1 5-treated mice was more 
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► Discussion t ^ , ^ C&li: ^ f 5.: 

The vascular endothelium plays a critical role in the extravasation of T cells into 
perivascular tissues. Beyond promoting the transendothelial migration of T cells, these 
studies provide evidence that EC also elaborate IL-15, which stimulates integnn 
adhesion receptor activation and motility of migrating T cells. Moreover, the paracrine 
activity of IL-15 also leads to induction of early activation molecule expression by the 
migrating T cells. Although IL-15 could bind to EC, it does not appear to upregulate expression of 
adhesion molecules used by EC to promote transendothelial migration of T cells. However, IL-15 may 
have different autocrine activities inasmuch as it was found to modulate expression of other 
EC-associated molecules. 

By stimulating T cell motility and LFA-1 function, IL-15 activates critical behaviors of memory T cells 
that are required for their transendothelial migration and recruitment to inflammatory sites. Generally it 
has been held that for memory T cells to extravasate into tissue, it is necessary to induce the activity of 
integrin adhesion molecules (28, 29). Previous reports have shown that LFA-1 was an important 
mediator of the transendothelial migration of T cells a 4), and as the current data show, activation of 
LFA-1 on circulating T cells to bind ICAM-1 can occur as a result of the activity of IL-15. The ability of 
EC to elaborate IL-15 and the responsiveness of T cells to this cytokine by increasing motility and 
activating adhesion receptors may play a central role in the facilitation of T cell recruitment into 
inflammatory sites. 

These studies also suggest that IL-15 nonspecifically enhances transendothelial migration of all T cell 
subsets with some bias toward CD8(+) T cells. This could relate to a greater sensitivity of CD8(+) T 
cells to the action of IL-15, perhaps because of greater IL-15 receptor density or enhanced signaling 
capability of IL-15 receptors on CD8(+) T cells. Even though CD8(+) T cells appear to be differentially 
affected by IL-15, the migration of both CD4(+) and CD8(+) T cells is significantly enhanced by IL-15. 
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Thus IL-15 appears to increase transendothehal migration of both major T cell subsets with minimal 
specificity IL 15 not only increased transendothelial and LFA-1 activation, but also mcreased the 
expression of the early activation molecule, CD69, on both T cell subsets. CD69 expression was 
ZilLene^ 

data imply either that CD69 expression is maximal on the same memory T cell population that 
undergoes transendothelial migration or that the intimate contact between migrating T cells and EC 
costimulates CD69 expression along with IL-15. The current data do not permit a domination 
beteen these possibilities.However, the minimal induction of CD69 by IL-15 in the absence of EC is 
moTt compatibl with the conclusion that EC are necessary to costimulate CD69 expression along with 
Z\ 5 Thfs conclusion is compatible with previous findings that EC are very effective costimulators of T 
cell activation, although the role in costimulation of IL-15 responses has not beer i _ d previously 
(30) EC are known to express a number of costimulatory molecules, including IC AM- 1 , VC AM- 1 , 
CD40, and CD40 ligand, that may be involved in inducing activation antigen expression by migrating T 
cells activated by IL-15 01=34). The data indicate that IL-15 exerts several paracrine effects on T cells 
including stimulation of motility, upregulation of adhesion receptor function, and induction of activ^ 
antigen expression. Although IL-15 was shown recently to stimulate LFA-1 -mediated NK cell binding to 
EC and to increase T cell motility (1548), the current findings are the first to demonstrate the paracrine 
activities of endothelial IL-15 in the regulation of the transendothelial migration of T cells. 

Recent reports have demonstrated the chemotactic activity of IL-15, when examined in assays carried 
out in the absence of the endothelium (15). However, our studies clearly show that he effect of IL-15 on 
T cell motility is more similar to chemokinesis than chemotaxis. Thus, IL-15 stimulated T eel motility 
regardless of the establishment of a gradient of activity. We cannot rule out the possibility that in the 
presence of EC IL-15 binds to the endothelial surface and promotes migration in a chemotactic fashion, 
similar to mechanisms suggested for other chemokines, such as MIP-1*, although we and others have 
shown that binding to EC is not necessary for these chemotactic activities (5=7). Thus as the current 
studies show, IL-15 stimulates T cell migration in the absence of the endothelium and m the absence of a 
chemotactic gradient. In this regard, the action of IL-15 on T cell motility is most likely to result from a 
chemokinetic impact of the cytokine. 

These studies also show that IL-15 binds to EC, although the nature of the IL-15 receptor on EC has not 
been identified. In most cells, IL-15 has been reported to interact with a complex of molecules including 
the P chain of the IL-2 receptor, the commonr chain that is shared by many receptors, and a novel IL-15 
receptor . chain, the latter of which has been shown to be produced by EC (20, 21). As the current 
studies show, IL-15 delivers a signal to EC since modulation of endothelial VE-cadhenn was observed. 
By itself the IL-15 receptor « chain does not appear to deliver a transmembrane signal, although in the 
presence of a high concentration of IL-15 signaling was reported to occur through a complex formed 
only by the IL-2 receptor P and common r chains together (35). Whether on EC, IL-1 5 binds to one or 
more of these molecules is currently unknown. However, we have not been able to detect the IL-2 
receptor P chain on EC by flow cytometry (data not shown), making this contention unlikely. 

Part of the autocrine affects of IL-15 on EC appears to involve increased expression of VE-cadherin. In 
data not shown, we also found that the degree to which IL-15 increased cadherin expression was related 
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to the confluence of EC. Thus, nonconfluent cultures expressed more VE-cadherin than subconfluent or 
confluent cells when stimulated by IL-15. This was observed using the pan-cadherin Ab as well as mAb 
against VE-cadherin (data not shown). At sites of endothelial damage, integrity of interendothelial 
junctions may be lost by disruption of homotypic VE-cadherin mediated interactions. At such times, 
IL-15 may play an important role in vessel repair by stimulating increased VE-cadherin production, and 
thereby restoring junctional integrity and organization. 

Our findings also show EC constirutively express IL-15 intracellularly. Moreover, we found that 
activation of the endothelium by TNF-<* and IFN-y stimulated the expression of endogenous IL-15 on EC 
surfaces. In certain T cell lines, IL-15 was reported to be transcribed but not translated (36)- In contrast, 
in primary cultures of human umbilical vein EC IL-15 appears to be transcribed and translated. However, 
very small amounts of IL-15 protein are secreted. Thus, we were unable to find IL-15 in EC culture 
supernatants by ELISA even though it was clearly present and functionally active as described here. One 
possibility to explain this result could be that EC bind secreted IL-15 to membrane receptors or even 
produce a membrane form of IL-15 that is not freely secreted into the supernatant. Although there is no 
precedent for a membrane form of IL-15, recent studies have reported T cell membrane forms of IL-2 
and IFN-Y (37, 38)- A membrane form of IL-15 may explain the apparent resistance of the EC surface- 
associated IL-15 to chelation. 

As these studies show, IL-15 is expressed in association with the endothelium of blood vessels in vivo at 
sites of chronic inflammation. At the light microscopic level, EC-associated IL-15 appears to be present 
both intra- and extracellularly. Particularly noteworthy is that most IL-15 positive blood vessels are 
prominent in areas of inflammatory cell infiltrates. Moreover, there was no IL-15 detected in the 
infiltrates, implying that endothelial IL-15 may be primarily involved in infiltrate formation. The role of 
IL-15 in vivo was confirmed in the SCID mouse-human RA model of inflammation. Several reported 
studies have used SCID mice for the investigation of the role of the inflammatory cells and synovial 
fibroblasts in models of autoimmunity ( 39-43) . In these studies, SCID mice which lack functional T and 
B cells were successfully engrafted with human rheumatoid synovial tissue, without rejection or 
discernible graft-versus-host disease. Numerous blood vessels of varying size developed in the graft. 
These were of human origin, as evidenced by positive staining with mAb to human CD31 and human 
type IV collagen, and negative staining with MECA 32, a mAb reactive with murine endothelial 
determinants. Moreover, the engrafted synovium retained many other characteristics of rheumatoid 
synovium in situ, including the persistence of the inflammatory infiltrates. Administration of IL-15 into 
rheumatoid synovium grafts in SCID mice markedly increased T cell recruitment into the grafts. These 
results are consistent with the conclusion that IL-15 has an important physiologic role in T cell 
trafficking in vivo. Whether endogenously produced IL-15 accounted for the infiltration into control 
grafts is under investigation currently. Since little IL-2 has been found in rheumatoid synovium (44), 
only a few synovial T cells express CD25 (45), and yet all synovial T cells express an activated 
phenotype and are CD69(+) (46), it is likely that locally produced IL-15 may play a critical role in 
promoting migration of memory T cells and their initial activation in rheumatoid synovium. 

Finally, administration of IL-15 into rheumatoid synovium engrafted in SCID mice resulted in marked T 
cell infiltration into the tissue. Recent reports have indicated that administration of TNF-cc into synovial 
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tissue grafts in SCID mice also increased the number of T cells appearing in the graft (47). Moreover, it 
has been reported that IL-15 increases T cell production of TNF-* (48). Thus, perhaps part of the 
mechanism of persistent lymphocyte infiltration into sites of chronic inflammation involves elaboration 
of TNF-oc by migrating T cells which, in addition to increasing endothelial adhesion receptor expression 
(44) stimulates EC to elaborate IL-15. IL-15, on the other hand, would stimulate motility and LFA-1 
activation of T cells interacting with the vascular wall. By such a circuit, EC and T cells both would be 
critically involved in the recruitment and activation of T cells and EC, therefore, in the development and 
progression of chronic inflammation. 

In summary endothelial IL-15 stimulates the transendothelial migration of both CD4(+) and CD8(+) T 
cells by inducing motility and adhesion receptor activation in these cells. Therefore, elaboration of IL-15 
appears to be an important aspect of the mechanism EC use to facilitate T cell trafficking into 
perivascular tissue. 
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phycoerythrin; SCID, severe combined immune deficient. 
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TITLE: Use of a cytokine regulatory agent to treat rheumatoid arthritis 
DEPR: 

The effectiveness of a CRA in reducing the severity of rheumatoid arthritis 
was demonstrated using the mouse model system of collagen- induced arthritis 

(CIA; Wooley et al., J. Exp. Med. 154:688-700 (1981); Wooley and Chapdelaine, 
CRC Crit. Rev. Immunol. 8:1 (1987); Wooley et al . , Arthr. Rheum. 36:1305-1314 

(1993a); Wooley et al . , J. Immunol. 151:6602-6607 (1993b), each of which is 
incorporated herein by reference) . The CIA mouse model utilizes the 
intradermal injection of type II collagen into mice to induce an arthritogenic 
reaction that is characteristic of the reaction that occurs in a patient with 
rheumatoid arthritis. Following injection of mice in the back with native 
chick type II collagen in Freund's complete adjuvant, swelling and erythema 
initially appears in one or more paws and progresses such that increased paw 
thickness occurs, followed by gross joint deformation and loss of joint 
mobility. About 50% of the injected animals in susceptible strains show 
evidence of disease and the histopathologic, immunologic and genetic features 
of CIA in mice correspond to those observed in rheumatoid arthritis (see 
Wooley et al . , supra, 1981; 1993b). 
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The effects of polycyclic aromatic compounds and compositions of the present 
invention on rheumatoid arthritis may be examined using the mouse model for 
collagen- induced arthritis (Nagler -Anderson et al . , supra), which is known to 
correlate with human clinical efficacy. / 
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TITLE: Anti-endoglin monoclonal antibodies and their use in ant i angiogenic 
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BSPR * 

in the following embodiments used to illustrate the invention, it is important 
to consider the following concept. The use of mouse models of angiogenesis has 
been accepted and validated as a models for the evaluation of therapeutic 
agents because the models have been shown to reflect the clinical parameters 
characteristic of the respective disease, as well as predictive of the 
effectiveness of therapeutic agents in patients. These mouse models include, 
but are not limited to: mouse model for retinal neovascularization (Pierce et 
al 1995 Proc Natl. Acad. Sci . USA 92:905-909); mouse models for rheumatoid 
arthritis' (MR L-lpr/lpr mouse model, F olliard et al., 1992) Agents Actions 
36-127-135; mev mouse, Kovarik et al . , 1994, J. Autoimmun. 7:575-88); mouse 
models for angiogenesis (Majewski et al., 1994, Int. J. Cancer 57:81-85; 
Andrade et al . , 1992, Int. J. Exp. Pathol., 73:503-13; Sunderkotter et al., 
1991 Am J Pathol. 138:931-939); mouse model for dermatitis (Maguire et al . , 
1982' J. 'invest. Dermatol. 79:147-152); and mouse model for psoriasis (Blandon 
et al 1985, Arch. Dermatol. Res. 277:121-125; Nagano et al . , 1990, Arch. 
Dermatol Res. 282:459-462). Thus, the prior art anti-endoglin mabs, which are 
restricted to reactivity with either human endoglin or murine endoglm, cannot 
be used in the mouse model for the respective angiogenesis-associated disease 
to perform the studies necessary to evaluate the clinical efficacy, 
pharmacokinetics, and adverse side effects of antiangiogenic therapy in 
humans. Therefore, there is a need for an anti-endoglin mAb which specifically 
binds to a cross-reactive eptitope shared between endoglin on human and murine 
endothelial cells, wherein such mAbs are essential for performing animal model 
studies of angiogenesis-associated diseases. 
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The ability of the compounds of this invention to treat arthritis can be 
demonstrated in a murine collagen- induced arthritis model according to the 
method of Kakimoto, et al . , Cell Immunol 142: 326-337, 1992, in a rat 
collagen-induced arthritis model according to the method of Knoerzer, et al . , 
Toxicol Pathol 25:13-19, 1997, in a rat adjuvant arthritis model according to 
the method of Halloran, et al., Arthitis Rheum 39: 810-819, 1996, in a rat 
streptococcal cell wall-induced arthritis model according to the method of 
Schimmer, et al . , J. Immunol 160: 1466-1477, 1998, or in a SCID -mouse human 
rheumatoid arthritis model accordinqJtP the method of O ppenheimer- Marks et 
al., J Clin Invest 101: 1261-1272, f998\ 
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